Current technologies and trends of aluminum design by Chen, Michael, 1981-
Current Technologies and Trends of Aluminum Design
by
Michael Chen
B.S. Civil and Environmental Engineering 2003
Massachusetts Institute of Technology
Submitted to the Department of Civil and Environmental Engineering
in Partial Fulfillment of the Requirements of the Degree of
Master of Engineering in Civil and Environmental Engineering
at the
Massachusetts Institute of Technology
June 2004
©2004 Massachusetts Institute of Technology
All rights reserved
S ig nature of A uth or......... ..- ............... ........ . ........... ...............................................................
Department of Civil and Environmental Engineering
May 7, 2004
Certified by...................................
Accepted by........................................
.............
Dr. Jerome J. Connor
Professor of Civil and Environmental Engineering
Thesis Advisor
.......................
Heidi Nepf
Chairman, Committeetfor Graduate Students
MASSACHUSETS INSTITTE
OF TECHNOLOGY
JUN 0 7 2004
LIBRARIES
2
Current Technologies and Trends of Aluminum Design
by
Michael Chen
B.S. Civil and Environmental Engineering 2003
Massachusetts Institute of Technology
Submitted to the Department of Civil and Environmental Engineering
on May 7, 2004 in partial fulfillment of the requirements for the
Degree of Master of Engineering in
Civil and Environmental Engineering
ABSTRACT
A literature review of current aluminum technology in the building and construction industry
was carried out. Aluminum is an ideal material for building in corrosive environments and for
building structures where small dead loads are desired. This has led to the increase use of
aluminum in industrial areas and bridge retrofitting projects. By replacing conventional steel or
concrete decks of a bridge with aluminum decks, not only is the dead load reduced but the live
load capacity of the bridge is increased. However, there are design issues related with aluminum
construction that must be carefully considered. Issues such as welding and temperature effects
play a major factor in the application of aluminum in design and construction. Depending on
the alloy and temper, welding of aluminum can reduce the strength of an aluminum alloy by half
in heat-affected zones. A life cycle assessment of aluminum production is discussed. Green-
house gas emissions from aluminum production over the past several decades have declined
consistently due to new smelting technologies. In addition, a great amount of aluminum in use
today is recycled aluminum. As engineers and architects look for more sustainable solutions and
the price of the metal continues to decline, aluminum offers designers an attractive and viable
solution.
Thesis Supervisor: Jerome J Connor
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1. Introduction
In the past century, material scientists have been discovering many new and innovative
materials that have benefitted structural engineers in their profession. Just as it is in the
computer world where the trend is to be faster and smaller, in the civil engineering world, the
trend is becoming lighter and stronger. This trend has led to a lot of research in the past 20 years
on products like carbon fiber reinforced plastics (CFRP). Aluminum on the other hand has had a
much longer history than CFRPs, about one hundred years long. However, it is a material that is
just starting to make an impact on the structural engineering community. Even though it is a
material that has some wonderful properties, engineers are reluctant to work with aluminum.
This is because it is an unfamiliar material to many.
Aluminum in architectural applications are commonly seen in claddings, sidings and
window frames. That is why it is often thought of more as an architect's tool rather than an
engineer's tool. This is incorrect. Aluminum is a flexible material. If strength is needed, then a
6061-T6 alloy aluminum is more than capable of handling the same jobs as grade 36 steel.
Several aluminum alloys have yield stress values above 500 MPa. In low temperature,
industrial, and marine environments, aluminum often outperforms steel and concrete. When
reduction in dead load is needed, engineers can turn to aluminum.
Another reason why aluminum has not been widely used is the cost factor. It is a fallacy
that initial cost of building in aluminum is several times that of building in steel. The cost cannot
be simply determined by the cost of raw materials. Building in aluminum expedites the
construction phase and reduces the maintenance requirements, all resulting in cost savings.
The increasing demand for sustainable buildings and environmentally friendly structures
presents a perfect opportunity for aluminum to shine. The sustainability aspects of aluminum are
very favorable compare to other metal industries. Recycling of aluminum is not only easy but
also profitable. In fact, the majority of the aluminum used in construction comes from recycled
aluminum. The basic properties of aluminum eliminates the need for paints and other finishes
that might be harmful to the environment. Modem aluminum smelting technology has gradually
decreased green-house gas emissions over the years as well. As engineers and clients turn
towards more sustainable development, aluminum stands to be an appropriate material in their
arsenal.
The goal of this thesis is to establish the development of aluminum in structures over the
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past one hundred years. First, a background of aluminum classification, fabrication methods, and
mechanical properties are given. Second, a summary of the life cycle assessment of aluminum
production conducted by the International Aluminum Institute and aluminum's sustainability
aspects are given. Third, a look at aluminum's role in the bridge and building industries is
described along with a preliminary cost analysis. Finally, several recent research topics in the
development of aluminum that might impact the use of the metal in structural applications is
discussed.
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2. Aluminum Background
2.1. History of Aluminum
"Within the course of the last two years .. a treasure has been divined, unearthed and brought to
light ... what do you think of a metal as white as silver, as unalterable as gold, as easily melted
as copper, as tough as iron, which is malleable, ductile, and with the singular quality of being
lighter that glass? Such a metal does exist and that in considerable quantities on the surface of
the globe."
- Charles Dickens 1857 (World-Aluminium.org)
Aluminum is the third most abundant element in the earth's crust and the most abundant
metal used in broad structural applications. In fact, one twelfth of the earth's crust consists of
aluminum. Despite its abundance, it was not until about a century ago that the production of the
material began. This was due to the complication that aluminum as a metal does not occur in the
free state, but rather it must be in combination with oxygen and other elements (Sharp, 1993). It
was not until the 1880s when a Frenchman, Paul Louis Touissant Heroult, and an American,
Charles Martin Hall, working separately, invented the electrolysis process that paved way for
industrial and commercial production of aluminum in their respective France and the United
States (Mazzolani, 1995).
Aluminum is extracted from alumina, or A120 3 , found mainly in a reddish ore called
bauxite, named after the town Le Baux in Southern France. Bauxite is most abundant in the
equitorial regions of the world. Other metals, besides aluminum, that can be mined from bauxite
include silicon dioxide, Si0 2 ; iron oxide, Fe2O3; and titanium dioxide, TiO2. Statistics for major
alumina and aluminum producing regions are given in Figure 2.1 and Figure 2.2. Australia and
the United States are the world's largest producers with China growing at a fast pace. In the
figures, there is a spike in the production amounts in Asia because the production values for
China was not collected until 1999. Extraction of aluminum from other sources such as clay
deposits, alunite, coal wastes, oil shales, and other raw materials are possible. Also with
aluminum being easily recyclable, this ensures the availability of the metal for generations to
come (Sharp, 1993). However, with increasing demand in recent years, financial analysts have
predicted an aluminum shortage for 2004 and 2005. This prediction was made by Merrill Lynch
in March of this year, citing increasing demand of aluminum, especially in China, and the
shortage of bauxite supply. Prices are predicted to increase 9 to 20% in the next two years, but
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will return to normal levels in 2006 and 2007 when supply returns (The Epoch Times). To gage
how fast the demand for the metal has grown, in 1946 the annual output was 681 thousand
tonnes, in 1999, the annual output was 31 million tonnes of which 7 million tonnes were from
recycled aluminum (World-Aluminium.org).
After the invention of the electrolysis process by Heroult and Hall, the first market to take
advantage of the new material was the cooking utensils market in the 1890s (Sharp, 1993).
During the two world wars, aluminum was seen being incorporated into military transportation
applications such as trucks, ships, and aircrafts. Ever since, the aerospace industry continues to
be a major consumer of the metal due to its lightweight, which helps to reduce the amount of fuel
used in a vehicle. The fastest growing industry to incorporate aluminum nowadays is the
packaging industry with products such as soda cans and household and industrial aluminum foil.
In the past thirty years, aluminum has gained popularity in the field of civil engineering
(Mazzolani, 1995). Due to gradually decreasing cost compared to steel, a favorable, life cycle
cost, its corrosion resistance, ease of fabrication, and other desirable physical properties,
aluminum is being used more and more in bridge and building applications.
In the following subsections, a review of the different production methods of aluminum,
classification of aluminum alloys and a comparison between steel and aluminum is given.
Alumina Production
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Figure 2.1: Reported alumina production 1974-2003 (World-aluminium.org)
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Figure 2.2: Reported primary aluminum production 1974-2003 (World-aluminium.org)
2.2. Production Process
The fabrication of aluminum structural pieces uses hot and cold rolling processes,
extrusions, forgings and castings.
2.2.1. Hot and Cold Rolling
This type of production method is commonly used in steel production. Flat-rolling
involves multiples rolls over the metal to create a flat surface. The initial rolling is with the metal
hot. The successive rollings can be done with the metal hot or cold depending on the desired
product (Sharp, 1993). ALCOA's hot-rolling process can create plates that are greater than 6.30
mm (0.250 in) thick. In the Aluminum Association's Aluminum Design Manual, the greatest
thickness used in structural elements is listed at 50 mm (2 inches). For thinner pieces, the cold
rolling process can create sheets that are 1.50 - 6.30 mm (0.006 - 0.250 in) thick. Thinner pieces,
although not used in structural applications, are called foils. The rolling process can be seen
clearly in Figure 2.3.
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Figure 2.3: Flat sheet of aluminum is fed through a series of rollers to form the final profile
(Kissell, 2002).
2.2.2. Forging and Casting
Forging is one of the oldest fabrication methods. The forging process involves pressing
or hammering an ingot in a mold to achieve the desired shape. The most common forging
process is open and closed die forging. The largest closed die forging press can apply a force of
60,000 tonnes. These are capable of pieces more than 7 m long (Sharp, 1993).
In the casting process, the metal begins in its molten stage. It is poured or injected into a
cavity or mold that is the shape of the final part. The molds can be either reusable or non-
reusable depending on the casting method. Solidification time can be fast when using die
casting, to slow when using sand casting method. Die casting can achieve very accurate parts
with smooth finished surfaces. However, die casting is more expensive than other casting
methods (Mazzolani, 1995).
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2.2.3. Extrusion
The most interesting production process of aluminum is extrusion. It is one of the big
advantages of aluminum production in comparison with steel. Extrusion involves pushing an
aluminum ingot through an extrusion die. Figure 2.4 shows a schematic of an extrusion press.
Figure 2.5 shows the deformation of an ingot that is being drawn through the extrusion die. Any
shape is possible given that it has a constant cross-section, although stepped and tapered
extrusions are also possible. Looking at the common I shaped beam, a rolled piece will have
sloped flanges while an extruded piece can have constant flange thickness. The extrusion
process is described below.
(A)
Ram Die hoder-
Fo Iower Cont e (A) (
P 1 at 0 Die head
Figure 2.4: Extrusion press schematic (Mazzolani 1995).
The ingot is first heated to the extrusion temperature and is put in a press container. A
drawplate with the desired shape profile, typically made from steel, is at the other end of the
container. Pressure is applied, pushing the ingot through the draw plate. The applied pressure
varies from 250-1000 MPa. The largest presses in the world can apply forces up to 18,000
metric tonnes (Sharp, 1993). Once the extruded pieces passes through the die, a tensile force is
applied to the profile on a straightening table, some of which are as long as 50 meters. Typically,
the largest profile sizes for draw plates used are 500 mm diameter circles and 600 by 200 mm
rectangles (Mazzolani, 1995). It is possible to change the die midway through the extrusion
process to create stepped cross sections. A tapered cross section is achieved by spinning the
extruded profile after extrusion. Applications of this are seen in the tapered street lamp posts.
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Figure 2.5: Deformation of the aluminum billet as it is being pushed through the draw plate
(Mazzolani, 1995).
2.3. Aluminum Alloys
In most structural applications, aluminum alloys are used rather than pure aluminum. By
introducing alloys into the base metal, properties such as strength, ductility, corrosion resistance,
and surface finish, can be improved. The amount of alloying elements used are very small. The
main elements used for alloys are magnesium, silicon, zinc, copper and manganese. These alloys
are broken down into casting alloys and wrought alloys with respect to the fabrication process.
Casting alloys are those that have to be re-melted and then casted while wrought alloys can be
worked in the hot or cold form without being re-melted (Mazzolani, 1995).
Further property enhancements can be achieved by tempering by either mechanical or
thermal treatment (Kissell, 2002). Therefore, another classification for alloys is heat treatability.
Non-heat treatable alloys are work hardened. these include AlMn, AlMg, and AlMgMn.
Through cold working, these aluminum alloys' strength is increased but ductility is reduced. For
non-heat treatable alloys, when they are heated to 350'C, the alloys loses its advantageous
properties and returns to its initial state. Heat treatable alloys, such as AlMgSi, AlZnMgCu, and
AlCuMg, provides additional strength when heated to a certain temperature, and then tempered
with water or air. They are then allowed to age at room temperature or higher. When reheated to
200 - 350'C, these alloys loses their treatment properties (Mazzolani, 1995). That is the reason
why welding as a method for connecting aluminum pieces tends to be avoided because during
16
welding, heat affected zones are created.
2.3.1. Alloy Designation
The American designation systems for wrought and cast alloys are show in Table 2.1 and
Table 2.2. Along with the temper designation system, the American nomenclature is being
adopted worldwide. A more detailed explanation of the classification system for the wrought
alloy family is described below based on discussions by Mazzolani and Kissell.
Table 2.1: Wrought aluminum alloy designation system (Sharp, 1993).
Primary alloying ingredientAlloy
lXXX
2XXX
3XXX
4XXX
5XXX
6XXX
7XXX
8XXX
9XXX
99% minimum aluminum
Copper
Manganese
Silicon
Magnesium
Magnesium and Silicon
Zinc
Other elements
Unused series
Table 2.2: Cast aluminum alloy designation system (Sharp, 1993)
Alloy Primary alloying ingredient
lXX.X 99% minimum aluminum
3XX.X Silicon, with added copper and/or magnesium
4XX.X Silicon
5XX.X Magnesium
7XX.X Zinc
8XX.X Tin
9XX.X Other elements
6XX.X Unused series
17
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1000 series
This series is designated for pure aluminum or aluminum alloy with a very small amount
of additional alloy. The yield stress for this series based on the 0.2% strain straight line yield
measurement (fO.2) is 30 MPa. Without additional treatment, it is very ductile with rupture strain
(Et) between 30 and 40 percent. When the alloy is cold worked,fO.2 increases to about 100 MPa
and E, decreases to 3 to 4 percent. Pure aluminum is extremely corrosive resistant. The primary
uses for this series are cables, panels, ceilings, and tanks.
2000 series
The main alloy in this series is copper. After heat treatment,fo. 2 can reach 300 MPa with
E of about 10 percent. The main uses for this series are plates and pipes. It does not have very
high corrosive resistance, thus requiring painting for corrosion protection. The copper also
decreases the weldability of this alloy.
3000 series
This alloy used in this series is manganese. As mentioned earlier, AlMn cannot be heat
treated. It offers slightly higher strength than pure aluminum and high corrosive resistance. Soda
cans are made from alloys of this series. Other uses are roofing, cladding, and other architectural
products.
4000 series
Silicon is the alloying element for this series. This series is used commonly for welding
wires. The properties are similar to the 3000 series.
5000 series
The 5000 series is produced by adding magnesium. Again, it cannot be heat treated.
After being cold worked, the strength of this alloy can increase fromfo.2 of 100 MPa to 250 MPa
with an Et of 10 percent. It is corrosion resistant and is often found in marine applications and
environments. The 5000 series can also be found in welded structures since strength is not
drastically decreased from welding.
6000 series
This group contains alloys with both silicon and magnesium. 6061 is one of the most
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popular aluminum alloys used in bridges and buildings. It's strength is comparable to mild
carbon steels with fO.2 of about 250 MPa and E, around 10 percent. The 6000 series also offer
good corrosion resistance. It is extremely suitable for extrusion. It can also be used in welded,
bolted, and riveted connections.
7000 series
The primary element is zinc. This group contains the strongest aluminum alloys.
AlZnMgCu can havefo.2 greater than 50OMPa. However, they have low weldability. The alloys
in this series that contain copper also have low corrosion resistance. Due to its high strength,
aircraft frames and structural components use this series of alloys.
The 8000 series is reserved for alloying elements not found in the above seven series.
They are not commonly used. The cast alloy family of designations will not be looked at in
detail because they are not used in the Aluminum Design Manual for design of structures.
2.3.2. Temper Designation
In addition to the front four digits that signifies the alloy designation, the alloy's
nomenclature is ends with a letter and digits that indicate the temper designation. The following
table describes this.
Table 2.3: Basic Temper Designation (Kissell, 2002).
F This means as fabricated. There are no thermal or strain hardening conditions employed.
0 This applies to products that are annealed.
H This stands for strain hardening which increases strength.
W This means the alloy is solution heat-treated. It is only applicable to alloys that
spontaneously age at room temperature after solution heat-treatment.
T Alloys of this temper are heat treated.
2.4. Corrosion Resistance
We have already seen that aluminum and those aluminum alloys that do not have any
copper content shows very high corrosion resistance. The reason for this is that when aluminum
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comes into contact with air, the surface of the metal immediately oxidizes. The oxidation forms a
thin layer of protective film that naturally inhibits corrosive agents. The purer the aluminum, the
resistivity of the metal is higher. This also suggests that aluminum has an ability to self-heal. In
damaged locations the protective layer is naturally created (Sharp, 1993). Resistivity also
depends on the fabrication process and the type of tempering aside from the alloying element
used. In general, compared with steel, corrosion in aluminum structures affects the aesthetics of
the structure rather than the structural safety of the structure.
Although, it has high corrosion resistant properties, aluminum is not invulnerable. In
humid and corrosive environments, contact between aluminum alloy and non-metallic materials
such as concrete, mortar, timber, and brick should be avoided. If water gathers along the surface
and comes into contact with another metal, electricity flow between the two metals can occur and
would lead to corrosion. Insulation materials or water absorbing materials should be used
between the two surfaces in such cases. Other types of surface protection that can be employed
are painting, anodization, plastic coating, and surface treatment with chromate solutions similar
to that of stainless steel (Mazollani, 1995).
2.5. Aluminum versus Steel
In order for aluminum to make an impact in the civil engineering field, we must make a
comparison between aluminum and steel, the most widely used and produced metal in the world.
Compared to the 31 million metric tonnes of aluminum produced annually, steel production more
than doubles that in just one month. In March of this year alone, 86 million metric tonnes of
steel was produced world wide (WorldSteel.org). In the comparison, both the pros and cons of
each metal are examined. This section hopes to give the decision makers a good basis for their
choice of metal in their projects. After all, in the end it is up to the structural engineers and
architects to decide on which metal to use based on its merits and deficiencies.
2.5.1. Material Properties
Aluminum has been described as "light stainless steel" (Kissell, 2002). The density of
aluminum is approximately one-third that of steel. It offers high corrosion resistance due to
surface oxidization when in contact with air. Strength of aluminum can reach that of some of the
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milder steels. Therefore, the term "light-stainless steel" is appropriate but without the expensive
price tag. However, the elastic modulus of aluminum is also one-third that of steel. This
property limits the use of aluminum where deflection issues are critical in design and makes
aluminum more susceptible to buckling. Table 2.4 summarizes the materials properties of
aluminum and steel.
Table 2.4: Comparison of common aluminum alloys and steel's mechanical properties
(Mazzolani, 1995).
Aluminum alloys Steel
fO.2 (fA) (MPa) AlMg4.5Mn ~140 Fe360 ~235
AlMgSil -260 Fe510 ~350
A1ZnMg1 ~360
f,(MPa) A1Mg4.5Mn ~280 Fe360 ~360
AlMgSi1 -320 Fe510 -510
AlZnMgl ~410
E (MPa) 70,000 206,000
Et 10-25% 25-30%
y (kg m3) 2700 7850
Cc 0.00002 0.00001
In the table,fo.2 (fy) is the elastic limit,f is the ultimate strength, E is Young's Modulus, Et
is the strain at rupture, y is the specific weight, and a is the thermal expansion coefficient. As
described in the section earlier, as one alloys an element such as manganese or magnesium, the
strength of the aluminum alloy increases but the ductility decreases as well as some corrosion
resistance. Structural stability is determined by the determinant of the structural stiffness.
Therefore, the smaller Young's Modulus indicates that aluminum structures are more deformable
and less stable than steel structures. The Poisson's ratio for aluminum is approximately 0.33.
This leads to a shear modulus, G, of 26000 MPa (3800 ksi). Aluminum has double the thermal
expansion coefficient as steel. This means that aluminum is more sensitive to temperature
variations. This is important in the design of support conditions and joint connections. There are
some other favorable properties of aluminum that steel lacks. In low temperatures, the strength
and toughness of aluminum increases. For steel, there is generally a temperature called the
transition temperature at which brittle failure is likely to occur. This is not applicable to
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aluminum (Mazzolani, 1995). The non-magnetic, non-toxic properties are also desirable features
(Sharp, 1993). High reflectivity also proves attractive for architects.
Figure 2.6 compares the stress-strain curve of a 6000 series alloy with grade 36 steel.
(N /mm2)i F (360)
4 00- alum'Lnum
0 (280) - 30 0 F e (360)
-0 -fy (240)
20% E
0
Figure 2.6: Stress-strain curve of AlMgSil alloy and Fe360 steel (Mazzolani, 1995).
The graph shows the ductility of the aluminum is less than steel. The ultimate tensile
stress of the steel is higher than aluminum but the yield stress of the aluminum alloy is higher
than that of the steel. The graph also shows that aluminum does have a strain hardening portion.
The Ramberg-Osgood equation is often used to characterize the stress-strain relationship of
aluminum. The equation is as follows:
E = al E + 0.002(a/ F,)"
where n is the Ramberg-Osgood parameter that is given in the U.S. Military Handbook on
Metallic Materials and Elements for Aerospace Structures depending on the alloy. For 6061-T6
extrusions, the parameter n is 38.
Other noticeable differences between the two metals are from the extrusion process.
Since aluminum components are extrudable, more efficient shapes can be used. Extrusion also
removes the need to have built up sections, often seen in old steel buildings. See Section 5 for
more information on research into optimizing structural shapes for the extrusion process.
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3. Sustainability of Aluminum
3.1. A Sustainable Future
Sustainable development is a topic that civil engineers have to be constantly aware of
these days. It appears to be a trend that addresses some serious issues that were neglected in the
past and it is an issue that is here to stay. In recent years, more and more clients, from private to
government, have requested life cycle assessments be made on their projects. As more firms are
turning to design-build and design build operate strategies, providing environmentally sound
solutions are as important as ever. Construction materials and construction methods need to be
carefully examined for adverse properties or side-effects on the environmental surroundings.
This trickles down to the design stage as well.
We have already seen several qualities about aluminum that suggests it is a very
sustainable material for civil engineering application, such as its high corrosion resistance and
recyclability. Now let's look at a more detailed cradle to grave examination of aluminum by
using a life cycle assessment (LCA). Actually, to be more accurate, due to aluminum's high
recyclability, the study will be more like cradle to cradle as only the primary production of
aluminum is analyzed.
In 1998, the International Aluminum Institute (IAI) began a data collection initiative for
the purpose of an LCA in order to:
"...develop as complete an understanding as possible of the possible contributions that the
aluminium makes to the environmental and economic well-being of the world's population; of
any negative economic or environmental impacts that its production may cause; and of the
balance between these positives and negatives during the entire life cycle of the material."
(International Aluminum Institute, 2003)
Surveys were sent to aluminum associations in Austrialia, Europe, Brazil, Canada, South
Africa, Japan and the USA, covering about 70% of the world primary aluminum production.
The major absentee nations are China and Russia. Figure 3.1 is a map of the location of
aluminum smelters around the world. Over a period of four years, a full life cycle analysis was
completed based on ISO 14040 standards (IAI, 2003).
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Figure 3.1: Location of global aluminum smelters (1A1 Sustainability Development Report).
3.2. Life Cycle Assessment
3.2.1. Primary Production
Figure 3.2 is a pictorial representation of the life cycle of aluminum and Figure 3.3 is a
material process diagram that shows the boundary limits set by the IAI in their LCA. The
production steps defined in the LCA are listed below:
0. Extraction of aluminum from bauxite as alumina or aluminum oxide.
0. Electrolysis separates the oxide and aluminum by reacting the alumina with a carbon
anode.
0. Alloying elements are introduced and then cast into an ingot.
From the survey distributed by the IAI, it was found that the majority of the aluminum
smelters in the world uses hydroelectric, a clean non CO 2 emitting and renewable source of
energy. The source of energy breakdown is available in Table 3.1. The emissions from
transportation of the materials were found in the Environmental Profile Reportfor the European
Aluminum Industry in April 2000. The findings are shown in Table 3.2.
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Figure 3.2: Pictorial representation of aluminum life cycle (IAI Sustainability Development
Report).
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Figure 3.3: Flow diagram used for life cycle assessment (LCA, 2003).
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Table 3.1: Energy source to aluminum smelters distribution (LCA, 2003).
Energy source %
Hydroelectric 52.5
Coal 31.6
Oil 0.8
Natural Gas
Nuclear
9.0
6.1
Table 3.2: Air emissions from transport in proportion of those generated from primary
aluminum production (LCA, 2003).
Air Emissions %
Particulates 1.1
HC 29.0
NOx 18.5
S02 6.7
During electrolysis, perfluorocarbons (PFCs), particularly CF4 and C2F6, are emitted in
addition to the typical greenhouse gases. Research is currently being conducted at the Portland
State University to study the affect of these PFCs in the atmosphere relative to other greenhouse
gas concentrations (PFC Reduction Efforts). Findings have shown that the green house gas
warming potential of CF4 and C2F6 are 6,500 and 9,200 times that of CO 2 (IAI Sustainable
Development). Therefore, it is very important to pay attention to the emissions of these PFCs. A
complete list of raw material inputs and emissions outputs is available in Table 3.3. The LCA
was completed for an output of 1 metric tonne (1000 kg) of primary aluminum production. The
life cycle inventory input data is shown in Table 3.4 and the output data in Table 3.5. Finally,
the CO 2 equivalents of green house gas emissions from primary aluminum production process
are given in Table 3.6.
The results from the study show that the production of aluminum is quite energy
intensive. It has been argued that since aluminum is a sustainable material with high
recyclability, it justifies the initial high energy requirement of primary production of aluminum
from bauxite (IAI Sustainable Development). When aluminum was first introduced by the
electrolysis process invented by Hall and Heroult, to produce 1 kilogram of pure aluminum 25 to
30 kWh of energy was needed (Mazzolani, 1995) Nowadays, due to technological advances,
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about 15kWh of energy is needed based on the LCA. Approximately 5000 kg of bauxite needs
to be mined in order to produce 1000 kg of aluminum.
Table 3.3: Raw material inputs and emission outputs studied by the LCA (LCA, 2003).
Inputs
Raw materials
Bauxite
Caustic Soda (for Alumina production)
Calcined Lime (for Alumina production)
Petrol Coke (for Anode production)
Pitch (for Anode production)
Aluminium Fluoride (for Electrolysis)
Cathode Carbon (for Electrolysis)
Alloy additives (for Ingot Casting)
Chlorine (for Ingot Casting)
Other raw material inputs
Fresh Water
Sea Water
Refractory materials
Steel (for anodes)
Steel (for cathodes)
Fuels and electricity
Coal
Diesel Oil
Heavy Oil
Natural Gas
Electricity
Unit
kg
kg
kg
kg
kg
kg
kg
kg
kg
m3
m3
kg
kg
kg
kg
kg
kg
m3
kWh
Outputs
Air emissione
Fluoride Gaseous (as F)
Fluoride Particulate (as F)
Particulates
NOx (as N02)
S02
Total PAH
BaP (Benzo-a-Pyrene)
CF4
C2F6
HCI (Hydrogen Chloride)
Mercury
Water emissions
Fresh Water
Sea Water
Fluoride (as F)
Oil/Grease
PAH (6 Borneff components)
Suspended Solids
Mercury
By-products for external recycling
Bauxite residue
Dross
Filter dust
Other By-products
Refractory material
Scrap sold
SPL carbon fuel/reuse
SPL refr.bricks-reuse
Steel
Solid waste
Bauxite residue (red mud)
Carbon waste
Dross - landfill
Filter dust - landfill
Other landfill wastes
Refractory waste - landfill
Scrubber sludges
SPL - landfill
Waste alumina
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Unit
kg
kg
kg
kg
kg
kg
9
kg
kg
kg
kg
m3
m3
kg
9kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
Ikg
Table 3.4: Input matrix of LCA study (LCA, 2003).
IAI LCS 2000
Inventory data for 1000 kg Primary Aluminium
INPUTS
('7
(0
0)
ii
C&
Raw materials
Bauxite
Caustic Soda
Calcined Lime
A/zimiba
C
Co
0
C
0
low
t;
C
(0
5168
159
86
Petrol Coke
Pitch
Ahc/e
Aluminium Fluoride
Cathode Carbon
A/limjM/vm irn71eti)9
349
92
17,4
6,1
Alloy additives
Chlorine
Cast ngot
Other raw material inputs
Fresh Water
SeaWater
Refractory materials
Steel (for anodes)
Steel (for cathodes)
Fuels and electricity
Coal
Diesel Oil
Heavy Oil
Natural Gas
Electricity
20 20
0,068 0.068
/171717
6,4
6.5
185
10,3 1,2
221,4
233
203
0,5
0,001
5,5
1,4
0,9
1,4
6,2
23
62 15365
28
0~
C
(0
a
0
4..
0
C Total
5168
159
86
/9Th
kg
kg
kg
kg
349 kg
92 kg
4V/ kg
17.4
6.1
/171717
kg
kg
kg
2,95
20,8
6
3,15
0,2
5,5
kg
kg
kg
m3
m3
kg
kg
kg
kg
kg
kg
m3
kWh
13.0
27.5
11.5
1.4
5.5
186
13,0
238
308
15711
0,1
10
52
81
Table 3.5: Output matrix of LCA study (LCA, 2003).
IAI LCS 2000
Inventory data for 1000 kg Primary Aluminium
0.
Air emissions
Fluoride Gaseous (as F)
Fluoride Particulate (as F)
Particulates
NOx (as N02)
S02
Total PAH
BaP (Benzo-a-Pyrene)
CF4
C2F6
HCI (Hydrogen Chloride)
Mercury
Water emissions
Fresh Water
SeaWater
Fluoride (as F)
Oil/Grease
PAH (6 Borneff components)
Suspended Solids
Mercury
By-products for external recycling
Bauxite residue
Dross
Filler dust
Other by-Products
Refractory material
Scrap sold
SPL carbon fuel/reuse
SPL refr.bricks-reuse
Steel
OUTPUTS
2 CL
03
C
00
12,2 1,2
2,24
10,2
CL
C.V
0,02
0,004
0,1
0,13
0,7
0,02
0,1
ci,
0.55
0,5
3,3
0,35
13,6
0,13
5,0
0.22
0,021
0,00020
6.4
6,6
3,2
20,9
0,2
0,00
3,77
0,21
0,13
1,43
0,0018
2,3
3,5 2.8 5,1
3,1 0,5
9,9
5,5
1,7 6,9
C
U,C
0
C,
C Total
0.57 kg
0.50 kg
0,08 16,9 kg
0,12 2.0 kg
0,2 24.7 kg
0,15 kg
5.1 g
0,22 kg
0,021 kg
0,067 0,067 kg
0.00020 kg
3,8 13.4 m3
27,5 m3
0,20 kg
0,009 0,15 kg
3.77 g
0,02 1,66 kg
0,0018 kg
2,3 kg
13,0 13,0 kg
0,57 0.57 kg
11.4 kg
0,5 4.1 kg
2,2 2,2 kg
9,9 kg
5,5 kg
8,6 kg
Solid waste
Bauxite residue (red mud)
Carbon waste
Dross - landfill
Filter dust - landfill
Other landfill wastes
Refractory waste - landfill
Scrubber sludges
SPL - landfill
Waste alumina
1905
2,4 4,6
703 47,5 2,7
2,5
0.8
29
7,7
0,4
1,3
0,7
7,3
1,2
13,7
17,3
4.7
1905 kg
7.0 kg
7,7 kg
0.40 kg
762 kg
4.4 kg
14,5 kg
17,3 kg
4,7 kg
Table 3.6: C02 equivalents per 1000 kg of primary aluminum
kilograms (LCA, 2003).[ Bauxite Refining Anode
Process
Electricity
Fossil Fuel
Transport
Ancillary
0
0
16
32
0
PFC 0
Total 48
0
58
789
61
84
0
991
388
63
135
8
255
output of GHG emissions in
Smelting
1626
5801
133
4
0
0 2226
849 9789
Casting
0
77
155
136
0
0
368
Emissions rates have consistently been decreasing, especially with respect to PFCs. Over
the period of 10 years, from 1990 to 2000, the IAI conducted survey has shown that CF4
emission have been reduced by 60% and C2F6 emission have been reduced by 62%. This is good
news considering the heat absorption potential of PFCs in comparison with CO2. This has led to
a reduction of 34 million tonnes of CO 2 to the atmosphere. In general, the aluminum industry's
green house gas emissions have been on a decline. As can be seen in the table above, smelting
represents the bulk of the emissions in the production process. However, it has been pointed out
in the IAI Sustainbability Report that even in developing countries such as China, state of the art
technology is being used by smelters leading to reduce emissions levels.
WorldAamhvfirim Usage Primary Production - Scrap Recovery M Total Usage
1950-1999
Figure 3.4: Primary and secondary aluminum production trend for the past 50 years (IAI
Sustainable Development).
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3.2.2. Recycling - Secondary Production
With a melting temperature of 660'C, less than half that of steel, energy input for
recycling is comparatively low. Recycling consists of melting down the aluminum or aluminum
alloy into the form of an ingot. Recycling requires only 5% of the energy and produces only 5%
of CO 2 emissions of the primary production process. Based on Figure 3.4, scrap recovery is
about 30% of the annual aluminum usage. In fact, scrap aluminum has significant value and
commands good market prices. About 400 to 500 million tonnes of aluminum ever produced are
still in use today (IAI Sustainable Development). This is especially true in the construction
industry. That is because recycling does not reduce the quality of the metal as color and material
properties are maintained. The typical life cycle has been cited as between 30 and 50 years
(Aluminium and Society). With aluminum buildings, instead of the traditional demolition,
aluminum structural components need to be dismantled and separated before being shipped to
the recycling facility. This avoids the air pollution from demolition dust when recycling
aluminum structures.
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4. Aluminum and Structures
Since the beginning of the twentieth century aluminum has been incorporated into many
products. Some of these products are for common daily usage such as silverware while others
have been exotic in nature such as the hull of the next space station. The use of the metal for
structural purposes in primary and secondary structural members for buildings and bridges have
slowly been increasing. The use of aluminum in construction is about 20% of the total
aluminum consumption (IAI Sustainable Development Report).
4.1. Aluminum in Bridges
Aluminum has been used in bridges to some extent. However, with strict deflection
requirements in the codes for bridge design, aluminum, which has one-third the elastic modulus
of steel, have not been used much in large scale bridge projects. Instead, the metal has been
more popular in smaller scale highway and pedestrian bridges with design lives of 50 years or
more. In the United States, the earliest bridge that used aluminum was the Smithfield Street
Bridge in 1933. That year, the original deck of the bridge was replaced by an aluminum deck of
alloy 2014-T6, reducing the dead load by more than 675 metric tonnes (pghbridges.com).
However, as discussed in Section 2, alloy 2000 series does not offer very strong corrosion
resistance, so the deck was later replaced with 6061-T6 alloy in 1967. Between the end of World
War II and 1963, several additional aluminum bridges were built in the United States and
Canada. They are listed in Table 4.1.
Table 4.1: Major Aluminum bridges in North America (Arrien et al., 2001)
Design truck or
Location Bridge type Span (m) Year train load Alloy
Grasse River, Massena, N.Y. Riveted plates 30.48 1946 Cooper EF60 2014-T6
(Railway bridge)
Saguenay River. Arvida. Quo. Riveted arch bridge 5 @ 6.1, 88, 5 @ 6.1 1950 50T on 12T float 2014-T6
and 18T truck
Route 86 above 1-80, Des Moines, Coverete slab on welded plate girders, 12, 21, 21, 12 1958 HS20 5083-H 113
Iowa composite action
1-495 above the Jerico exchange, Concrete slab on riveted plate girders, 23 1960 HS20 6061-T6
Jerico, N.Y. (2 bridges) composite action
Route 36 above the Appomattox Concrete slab on bolted triangular box 30 1961 H20. HS15 6061-T6
River. Petersburg, Va. girders, composite action
Route 110 and Wellwood Ave. above Concrete slab on riveted triangular 9, 23, 23, 9 1963 HS20 6061-T6
Sunrise Highway. Amityville, N.Y. box girders, composite action(2 bridges)
Route 32 above River S.O. road Concrete slab on riveted triangular 28, 29, 32 1963 HS20 6061-T6
box girders. composite action
Smithfield Bridge, Pittsburgh. Pa. Truss bridge with orthotropic 111. 11I 1967* HS20 6061-T6 extrusions,
aluminum deck 5456-H321 plates
*1967 is the date of lite aluminus orthotupic deck instaltation oin this 1883 bridge.
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In 1983, a survey was carried out on six of these bridges to examine their conditions. It
was found that nearly zero maintenance and painting had been required. In the bridges that were
constructed with rivets, no fatigue cracking was found, and in the one bridge that was
constructed by welding, only minor cracking problems were discovered (Bulson, 1992). The
good performances in these bridges have made aluminum a desirable product in bridge
renovation. According to the 2003 Bridge Inventory from Better Roads Magazine, there are
about 150,000 structurally deficient bridges in the United States in need of major repair.
Companies are beginning to look to aluminum for these repairs in this multi-billion dollar
market.
Other types of bridges that have employed aluminum have been the kinds that are
designed by military engineers around the world. The Medium Girder Bridge (MGB) is a bridge
system that is used by armies around the world for the past 20 years. The bridge can be quickly
assembled from parts made of Aluminum 7020 alloy and can be easily handled by troops. These
bridges were deployed in regions around the world with wide range of temperatures and
conditions with the help of the durability of the aluminum alloy (Bulson, 1992).
4.1.1. Aluminum Bridge Decks
As of 2000, there were three major aluminum bridge deck systems on the international
market. They are the following.
The ALCOA Bridge Deck System - Orthotropic aluminum deck developed in the 1960s,
similar to an orthotropic steel deck. This system was used in the 1967 Smithsfield Bridge
replacement. See Figure 4.1. (Arrien et al., 2001)
Typical prefabricated panel
Panels connector -
~Waterproof joint Epoxy wearing surface
Extruded C shape Anchor extrusion
teel. late 'E ace -
Galvanized steel bolt Main extruded 
member
Insulation laver Supporting steel beam
or girder
Figure 4.1: ALCOA Bridge Deck System cross section. (Arrien et al., 200 1)
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Alumadeck developed by the Reynolds Metals Company. This is a composite deck
system that was used in the Corbin Bridge in Huntingdon, PA rehabilitation project in 1996.
This system allowed the live load capacity of that bridge to increase from 7 to 20 tonnes
(Aluminum Assocation Bridges). In 2000, the Reynolds Metals Company was acquired by
ALCOA. See Figure 4.2.
Weld Extrusion
Wekd
Studs
Grout
Beam or girder
Figure 4.2: Alumadeck composite system cross section. (Arrien et al., 2001)
The Svensson deck, shown in Figure 4.3, is a modular deck system developped by L.
Svensson in Sweden. Each module is extruded from 6063-T6 alloy. (Arrien et al. 2001)
Direction of traffic ,
24 50 - 300 -- +
-Main extrusion Male- female connector
Connecting extrusion
Top flange of supporting steel beam or girder
L Supporting longitudinal steel beam or girder
300--
250 --
System 250/50 Systcm 300/100
Figure 4.3: Svensson bridge deck system and typical cross sections. (Arrien et al., 2001)
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Assembly of the Svensson bridge deck is easy and fast as each cellular module is simply
snapped together with adjacent modules. This system exemplifies the advantages of extrusion.
The male and female joints are simply extruded along with the rest of the geometry. The ease of
assembly has led to some bridge rehabilitation projects in Sweden taking less than 24 hours to
complete (Arrien et al., 2001). In general, based on a study conducted by ALCOA, the average
time required to put in a replacement aluminum deck is 24 days, compared to 10 to 12 months
for a concrete deck (Wright 1997). Pre-fabricated skid resistant aluminum panels can add to the
rapidity of bridge rehabilitation projects while providing an appropriate surface for safety.
The reduction in dead load, which in turn increases live load carrying capacity of the
bridge is another major advantage of the metal. Examples such as the Smithsfield Bridge and the
Corbin Bridge have already been given. The Svensson deck weighs just 50 to 70 kg/M2 (10 to 15
psf), about one-tenth that of a concrete slab (Arrien et al., 2001). Also, the reduction in dead
load means less load is carried by the foundations.
The corrosion resistance of aluminum also provides a strong barrier from the de-icing
chemicals and rainwater. This avoids structural problems faced by concrete bridges where salt
water can do serious damage to the surface and eventually the inside of a concrete deck.
Maintenance on aluminum bridges and re-painting of the aluminum surface are not frequently
needed, which eliminates the labor and maintenance costs. Later in this section, more in depth
look at aluminum costs are given.
4.2. Aluminum in Buildings
Aluminum's role in buildings began in the 1930s. The Chrysler Building and the Empire
State Building and the National Botanic Garden Conservatory in Washington, DC were the first
landmark structures to incorporate aluminum into structural components. However, the first
large scale use of aluminum in buildings came after the invention of the aluminum curtain wall.
In the 1950s, the United Nations Building in New York City and the ALCOA Building in
Pittsburgh introduced to the building industry the beauty of aluminum cladding (Kissell, 2002).
Architects began to widely use this cladding system soon after. The World Trade Center Towers
used aluminum cladding over the steel tube columns around the perimeter.
There are many other uses for aluminum in construction. The corrosion resistance of
aluminum promotes the use of aluminum in marine environments such as offshore platforms.
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Aluminum roofing is another area that is common in residential homes and commercial and
industrial buildings. Buildings with long span roofs often use aluminum as the material of
choice in which live loads are small compared to dead loads. Walt Disney World's Epcot Center
is one such high profile buildings.
Another area that uses quite a bit of aluminum are industrial storage sites. Storage tanks
made from aluminum has been used to store liquid nitrogen gas at -160'C because of aluminum's
good properties at low temperatures as well as other chemicals and wastewater (Kissell, 2002).
In 2001, the world's largest aluminum domes were built in Taiwan. See Figure 4.4. The two
twin geodesic domes, both having a diameter of 145m, houses a 1320 MW coal fired power
plant. The power plant is entirely covered to prevent environmental pollution from the handling
of coal. Due to this issue and the marine surroundings, aluminum was easily chosen as the
structural material. The dome's truss is made from 6061-T6 extruded aluminum tubes that can
be handled by a single man. All structural materials were made in Mexico and was packed into 2
ton containers. A total of 150 containers were shipped to Taiwan for assembly of the two domes.
Taiwan is in a area where typhoons are very common. These domes were designed for winds
with speeds over 130 mph (coalstorage.com).
Figure 4.4: World's largest aluminum domes (Geometrica.com).
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In the United States, the aluminum market in the building and construction industry is a
$15 billion market (Kissell, 2002).
4.3. Design Issues
There are certain design issues that must be looked at for aluminum. They include,
welding, fatigue, thermal expansion and contraction, fire resistance, and other general design
issues. The following gives a brief overview of these design issues faced by designers working
with aluminum.
4.3.1. Welding
Most structural joints require adequate strength and ductility. Therefore, it is essential
that welding of aluminum provides for the adequate structural demands. As mentioned earlier,
when heat-treated aluminum alloys are raised to about 200*C to 350*C, the alloy loses all its
treated strength properties. However, in many cases, welding is the most cost-effective and
sound joining technique (Pickering, 1997). In the 1970s, quite a bit of research was performed
on the welding technique of aluminum. Based on those researches, the Aluminum Design
Manual gives detailed requirements for welding.
The effect of welding varies depending on the alloy. It is important during the design
stage to select the appropriate alloy when welding is used. The heat-treatable alloys of copper
(2000), magnesium and silicon (6000), and zinc (7000) are limited in weldability. Since the
6061-T6 alloy is the most commonly used alloy for structural components, this limits welding in
a lot of applications. The zone where the welding changes the mechanical properties of the
aluminum alloy is known as the heat-affected zone. For heat-treatable alloys, the softening of
the metal in the heat-affected zone varies with the rate and duration of heat input, and the
intensity of heat (Pickering, 1997).
For the non-heat treated alloys such as manganese (3000) and magnesium (5000),
weldability is good. The reduction in strength for aluminum when alloyed with magnesium is
the smallest. The unwelded tensile ultimate strength of alloy 5086-H 112 plate under 12.5 mm
(0.50 inches) thick is 250 MPa (36 ksi). The welded strength of the same alloy is 240 MPa (35
ksi). To contrast, alloy 6061 typically sees a 30 to 40% reduction in strength. See Figure 4.5.
The filler alloy used is also important since it affects the fatigue and ductility
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performance of the weld. The toughness of the weld, measured by the area under the stress
strain curve of the weld, is higher for the non-heat treated alloys. For example, when alloy 606 1-
T6 is welded with alloy 4043 filler, the elongation is reduced by 50% and the strength by 75%.
When it is welded with a 5000 series alloy instead, both the elongation and the strength reduction
is smaller.
Table 4.2 is the established minimum weld strengths for several common alloys that are
given in the Aluminum Design Manual. The specifications also require the weld strength to be
multiplied by a factor of 0.9 to account for the possibility that welds might receive only visual
inspection (Kissell, 2002). Figure 4.5 is a comparison of welding on the alloys 5052 and 6061.
Table 4.2: Comparison of some alloys' ultimate tensile stress when welded and unwelded.
Alloy and Temper Product Ultimate Tensile Ultimate Tensile
stress (unwelded) stress (welded) (MPa)
(MPa)
1100-H12 Sheet 95 75
3003-H12 Drawn Tube 120 95
5086-H112 Plate 250 240
6061-T6 Extrusion 260 165
7005-T53 Extrusion 345 275
38 6061 
-T6
31 5052-H32
25 5052-H32 4 6061 -T6
Welded Welded
and
E 5052-0 6061-0
(Annealed) (Annealed)
5052 6061(Non-heat-treatable alloy) (Heat-treatable alloy)
Figure 4.5: Comparison of welding effects on aluminum alloys (Kissell, 2002).
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4.3.2. Fatigue
It has been said that fatigue design in aluminum structures is the most difficult problem to
resolve (Sharp, 1993) Estimates show that up to 90% of the structural failures that occur are
caused by cyclic loading conditions in service. As the number of load cycles increase, the stress
level at which cracking occurs decreases, causing failure. The Aluminum Specifications gives a
list of allowable stress ranges based on six stress categories, A through F. The categories are
broken down based on the detailing of different types of connections. Category A, which is
categorized as plain metal such as an extruded shape subjected to cyclic loading, has the highest
fatigue strength. Category F describes stress levels for fillet welds, has the lowest fatigue
strength. The stress range is defined as the stress amplitude caused by the cyclic loading. Table
4.3 gives design stress ranges for the six categories and the number of load cycles.
Table 4.3: Aluminum's stress ranges for fatigue (Sharp, 1993).
Number of Cycles
Stress Category Up to 100,000 100,000 - 500,000 500,000 - 2,000,000 to
(MPa) (MPa) 2,000,000 (MPa) 5,000,000 (MPa)
A 121 94 76 66
B 110 79 59 41
C 1 83 57 41 28
D 6 6 44 31 21-
E 52 32 22 14
F 41 26 17 11
Comparing these stress ranges to those of steel, aluminum has about one-quarter to one-
half the fatigue strength of steel (Kissell, 2002). In addition, AISC specifications has a total of
eight stress categories for fatigue compared to the six for aluminum.
One major cause of fatigue failure is from vibration. Vibrations can be from dynamic
loads such as wind or human footsteps. In cases where the frequency of the applied force is
close to the natural frequency of the structure then damping should be considered. One strategy
that has been used for applying effective damping to lamp posts or road signs is damping tapes.
These are strips of aluminum foil bonded to the perimeter of an aluminum tube section by an
energy absorbing adhesive (Sharp, 1993).
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4.3.3. Temperature Effects and Fire Resistance
Under low temperatures, aluminum behaves very well. The tensile strengths and
elongation values increase as shown in Figure 4.6 and Figure 4.7. The ductility of the metal is
preserved under low temperatures unlike steel which suffers from brittle failure once the
temperature is below the steel's transition temperature. This means that aluminum tends to
perform better in structural applications under cold environments.
<> 3003-H14 -4
0 6061 -T6
A 5454'H434
C 7075-T73 -
200 300 400
3003-144
606oS-T6
OfA 5454-H34
C 7075-T73
01.0 - -
0.0- -.-
200 -100 0 100 200 300 400
tC
Figure 4.6: Effect of temperature on ultimate tensile strength and yield strength of various
aluminum alloys (Sharp, 1993).
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Under high temperatures however, aluminum does not perform as well. The decrease in
aluminum's strengths above 100*C (212*F) can be seen from the above graph. Because
aluminum has a very low melting point compared to steel (600*C), it is not suitable for high
temperature applications without proper fire proofing and insulation. However, aluminum is not
combustible (Kissell, 2002). Therefore, it will not fuel the fire when being melted.
4.3.4. Corrosion
Although aluminum has high corrosion resistance, there are still different corrosion
attacks that designers should be aware of.
General weathering
Generally, aluminum elements do not need paint or other protective layers. However,
depending on the location and the aluminum alloy, the rate of corrosive attack from general
weathering should be considered more carefully. As discussed earlier in Section 2, the 1000,
3000, and 5000 series alloys are the most corrosion resistant. The 6000 series and 7000 series
are less resistant. The 2000 series where copper is the main alloy is the least resistant and would
require additional protection.
The effects of weathering on the structural integrity of aluminum specimens compared
with steel has been studied (Sharp, 1993). The loss of tensile strength over a period of 20 years
is shown in Figure 4.8. The plot shows that in seacoast areas, the mild steel specimens have
failed in about 3 years. In industrial environments, the steel lost 100% of its structural integrity
in approximately 15 years. The average performance of aluminum in these environments over
the entire 20 year period is less than 10% loss of structural integrity. The specimens used in the
study were 1.6mm (0.064 in) thick sheets. With thicker specimens, even less reduction of tensile
strength for aluminum would be expected.
Galvanic corrosion
As discussed in Section 2, when aluminum comes into contact with another metal or a
porous surface and water is trapped in between, the aluminum acts as an anode. This causes
accelerated corrosion on the part of aluminum. Designers should be aware of such corrosion in
situations like composite aluminum beams or aluminum and timber connections. By providing a
protective paint or primer layer, galvanic corrosion can be prevented.
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Exfoliation and Stress Corrosion
The 5000 series under high temperatures over long periods of time may exhibit
exfoliation or delamination of the aluminum. Some 5000 series alloys containing over 3%
magnesium when under tension and electrochemical reactions can suffer from stress corrosions.
The period of time under which these conditions would occur is in the range of 4 to 12 years.
Therefore, this type of corrosion is not a major factor for structural aluminum members (Sharp,
1993).
Figure 4.8:
0 5 10 15 20 25
Structural integrity of aluminum and mild steel in corrosive environments. (Sharp
1993)
4.4. Cost Analysis of Aluminum Structures
In many cases, the major factor that is preventing aluminum from being chosen as the
metal of choice in more projects is the cost issue. Many clients are unwilling to put up the high
initial capital investment with aluminum structures. However, due to minimal maintenance
requirements and the almost no need of painting, aluminum structures prove to be cost effective
in the long run. In addition, a closer look and comparison between the the initial cost of
constructing an aluminum structure and a steel structure indicate the difference is not very
tremendous.
Table 4.4 presents a preliminary estimate of the upfront cost of building a bridge in steel
and building the same bridge in aluminum. The data is based on a study that was carried out in
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Canada in the 1970s described by Sharp (1993). It was assumed the cost of fabrication of steel
and aluminum are the same. Steel certainly has advantages in areas of welding, cutting, and
familiarity of material. However, aluminum has the advantage with the extrusion process. In
erection, the lightweight property of aluminum gives it the advantage. Smaller machines can be
used to handle aluminum members that are more than half as light as the steel members, saving
machine costs and the amount of site space the machine requires. Ten percent savings in
erection was assumed in the study, although it can easily be more if newer systems like the
Svensson deck is used in construction. The last category used in the cost determination is
cleaning and painting. The painting cost of a steel bridge can be high. Paints can also be
environmentally hazardous. Aluminum can require zero painting and the cleaning cost is small.
Table 4.4: Cost of Bridges (Sharp, 1993).
Item Steel Aluminum
Metal WSCS WaCa
Fabrication 1.92 WCs 1.92 WsCs
Erection WIC. 0.90 WSC,
Cleaning or painting 0.25 WsCs 0.03WsCs
Total 4.17 WC, WaCa+ 2.85 WsCs
W, and W are the weights of steel and aluminum respectively. Cs, and C, are the cost of
the metal per pound of steel and aluminum respectively. The total cost of the aluminum
structure versus the total cost of the steel structure can be viewed as the following ratio.
AlumCost =0.24 W.a +0.68
SteelCost W,
The cost of aluminum for the past few years have been fluctuating between 5 to as high
as 13 times the cost of steel. Figure 4.9 shows the pricing trend of aluminum for the past 5 years.
Table 4.5 has a comparison of the cost of unalloyed aluminum to steel beginning from December
2002 to April 2004. The American Metal Market's latest price quote for April 2004 is $268.50
per ton (US units). The price for aluminum alloy, according to the London Metal Exchange
price quotes for April of 2004 is $1535 per metric tonne or $1395.50 per U.S. ton. This gives a
ratio of 6.3. The weight ratio of aluminum to steel would depend on bridge span and the
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allowable deflection. Typically, a ratio of 0.5 is accurate. Using 6.3 and 0.5 as the ratios in the
above equation, the initial cost of the aluminum structure is about 1.3 times the cost of the steel
structure.
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Figure 4.9: Aluminum pricing $/tonne from 1/1998 to 12/2003 (Ime.co.uk).
Table 4.5: Aluminum and steel pricing for the past 17 months.
Aluminum Steel Alum/ Aluminum Steel Alum/
($/ton) ($/ton) Steel ($/ton) ($/ton) Steel
Dec 2002 1280.00
Jan 2003 1269.09
Feb 2003 1292.73
Mar 2003 1251.82
Apr 2003 1211.82
May 2003 1222.73
June 2003 1206.36
July 2003 1207.27
Aug 2003 1230.91
99.25
99.25
107.25
112.25
120.25
120.25
112.75
108.25
115.75
12.90
12.79
12.05
11.15
10.08
10.17
10.70
11.15
10.63
Sept 2003
Oct 2003
Nov 2003
Dec 2003
Jan 2004
Feb 2004
Mar 2004
Apr 2004
1245.45
1292.73
1325.45
1377.27
1430.91
1436.36
1433.64
1431.82
128.75
133.75
133.75
154.75
172.31
198.75
240.75
268.50
9.67
9.67
9.91
8.90
8.30
7.23
5.95
5.33
-L
Of course, the price of each type of aluminum alloy varies depending on strength, final
form, and fabrication method. Figure 4.10 provides a general idea of the relative price of several
alloys. The trend is that the higher the alloy's strength, the higher the price. Forging is also more
expensive than the other production methods. The 6000 series alloy, the most common
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aluminum alloy used for structural purposes is the cheapest extruded alloy. Other price factors
depend on the geometry of the final product, whether the alloy is easy or difficult to extrude, and
the size of the product (Sharp, 1993).
30 Largermore Higher-strength
complex shapes alloys
SmalI/medium Smal.medlum
solid shapes 6061, 2024
7075 More
complex
her strength Smallimedium premium,
2.0 p solid shapes I higher
Smaslmedlum
7075. AIc 7075 hollow shapes
1.5 707h lc 07 6061 Sandsheet
5456, 503, 6061 Smalmedium Permanent
sheet solid shapes mold. 3560- 60633.6061 i
,.0 00, 3003, cODSDisheet
'0.5
050
0.0 - ----- - -.. . . . ...... . ... ... ......
Sheet Extrusions Forgings Castings
Figure 4.10: Relative price of aluminum products (Sharp, 1993).
Typically, for alloyed aluminum, the price in recent years have been about $1.20 to $1.50
per pound. Steel prices are around the order of $0.33 per pound. For recycled aluminum, the
scrap value can go for $0.30 per pound while recycled steel value is around $0.05 per pound
(Field). Looking at the long run or over the entire design life of a bridge or building, the cost of
an aluminum structure versus that of a steel structure is not drastically different. Factoring in the
high value of recycling and environmental sustainability of aluminum, the advantages of
building in aluminum should not be overlooked easily by clients, architects and engineers.
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5. Recent Developments and Future Research
Even though aluminum has been around for quite some time, the amount of significant
advancement in the industry has been hard to come by. The main research areas that are ongoing
in the construction industry with regards to aluminum has been in welding and extrusion. The
following are a few recent developments and possible areas for future research.
5.1. Extruded I Beam Shapes
The ability to extrude aluminum structural shapes provides a huge advantage for the
metal in comparison to steel production. Extrusion allows for more efficiently designed cross
sectional shapes tailored to aluminum without the need to have built-up sections. However, the
majority of aluminum I beams have similar cross sectional shapes as steel W shapes that are hot-
rolled. It wasn't until the 1970s that aluminum I beam standards began to use constant flange
thicknesses as opposed to the tapered flanges that were inevitable due to the hot-rolling process.
The problem with tapered flanges is that it makes bolted connections difficult. Since then, no
other changes have been made to the standard shapes listed by the Aluminum Association
(Kissell 1999).
The I beam shape provides more efficiency in axial loading and bending by having more
material as far away from the neutral axis as possible. For axial compression, by having more
material on the flanges of the beam the radius of gyration increases which helps with Euler
buckling. For beam bending, the benefit is a higher section modulus.
The Aluminum Association has tried to accomplish this by making the web's aspect ratio
as slender as possible (Kissell, 1999) There is a limit to the slenderness of the web in extrusion.
It is more difficult and costly to extrude very thin elements. The largest aspect ratio used by the
Aluminum Association is about 40. Thus the method for increasing efficiency while not
increasing the web's aspect ratio proposed by Kissell is to vary the thickness of the web, using
thinner web sections near the neutral axis and thicker portions near the flanges. The thickness
variations proposed can be stepped or smooth. Kissell experimented with a Aluminum
Association designated 112 x 11.7 with a web slenderness ratio of 38.1.
The new beam consists of a three stepped web. Figure 5.1 shows the comparison of the
new and old beams. Near the neutral axis, the web thickness was reduced by 19% while near the
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flanges the thickness was increased by 62%. The flange thickness remained the same. The beam
improvement is tabulated in Table 5.1.
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Figure 5.1: Dimensions of standard I 12x1 1.7 beam and modified beam.
Table 5.1: Comparison of standard shape and revised shape (Kissell,
Parameter AA Standard shape Revised shape
1999).
Improvement
Additional improvements can be made by further variations of web thickness. However,
cost becomes a concern.
Another area of interest regarding aluminum I beams is its size. Currently, the deepest
beam size available based on the Aluminum Association standards is 12 inches. The deepest
steel beams are 44 inches. The size limitation is due to the size constraints of extrusion presses.
5.2. Friction Stir Welding
In 1991, The Welding Institute in England developed a patent for friction stir welding.
This type of welding technique uses frictional heat from a rotating tool that plasticizes the
connection interface between two pieces and bonds them together. This type of welding
produces low heat input and therefore does not affect the properties of the aluminum as greatly
as traditional welding would (Kissell, 2002).
This type of welding appears to suit aluminum. It has already been used in the space
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Major Axis I (in4) 251.5 260 3%
Major Axis r (in) 5.07 5.15 2%
Local Buckling 36.8 37.9 3%
Strength (ksi)
shuttle's external fuel tanks, other aerospace applications and ships. This type of welding
technique eliminates any grooving operation, filler materials, or electric arcs. Friction stir
welding offers material savings, environmental and safety advantages as well. This type of
welding technique is not widely used yet due to several reasons. One is because The Welding
Institute holds the patent, meaning that there is a fee to license the process. Another reason is the
lack of standards and experiments. Design strengths and properties for friction stir welding has
not been established (Kissell, 2002). However, this appears to be a field that aluminum designers
should further investigate since it answers the welding issue that plagues the metal.
5.3. New Alloys
An alloy that is gaining popularity in Europe is alloy 6082. It is beginning to challenge
the traditional 6061 alloy for structural applications. It offers both higher yield and tensile
strengths than 6061, is more ductile, and offers better corrosion resistance. The density and
extrudability of the two alloys are about the same. The lack of standardized tests for mechanical
properties in the United States has led to the slow adoption of this alloy on this side of the
Atlantic. Nonetheless, this is an alloy that offers a good alternative to alloy 6061 (Kissell, 2002).
Aluminum lithium alloys are also gaining acceptance. Lithium is the lightest metal.
Therefore, this alloy is extremely lightweight. In addition, for every 1% of lithium added, there
is a 3% decrease in density and 5 to 6% increase in the elastic modulus (Kissell, 2002). The
downside for this alloy is the high production cost. So far, the majority of applications for
aluminum lithium alloys have been in the aerospace industry.
Aluminum metal matrix composites or MMCs is another product that has been recently
developed. MMCs consist of an aluminum alloy matrix with carbon, metallic, or ceramic
reinforcement. The combination of the lightweight aluminum and the strength, stiffness, and
high-temperature properties of the other materials gives a well balanced product. Extrusion of
MMCs are also possible. As always, the cost for new materials are high, about three times more
than the conventional aluminum alloys (Kissell, 2002).
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6. Conclusion
On April 20, 2004, ALCOA Inc., U.S.'s largest aluminum producers formed a joint
venture with CHALCO, China's largest aluminum producer. The two companies will jointly
operate CHALCO's Pingguo facility in Guangxi Province, a facility that is capable of producing
850,000 metric tons of alumina per year and 135,000 metric tons of aluminum per year.
CHALCO is listed in the NYSE and The Stock Exchange of Hong Kong.
As China enters the aluminum market with full force, the future of the metal looks bright.
The sheer size of the market is a great boost for any product. However, usually with increased
production of any product, environmental effects such as air pollution, increased green-house gas
emissions, and other adverse effects need to be carefully examined. The recently completed
LCA by the International Aluminum Institute provides a very powerful tool to monitor these
issues. Partnering with ALCOA is also a big advantage. ALCOA has been recognized for its
production quality and commitment to sustainability in the past and remains one of the leaders in
the field of sustainable development when it comes to aluminum.
Aluminum has a very strong position in sustainability. However, it has still yet to make
any significant impact in the application of construction and structural design. Hopefully, the
entry of a new market would lead to continual decline in pricing, engineers would more seriously
consider the use of aluminum in structures. This in turn will lead to more research and
advancement of the aluminum industry.
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